Introduction
The solid oxide fuel cell (SOFC) promises a high conversion efficiency (40 to 60%) of chemical energy to electric power with negligible pollution and is attractive for use in the cogeneration of electric power. The prototype SOFCs now being marketed use yttria-stabilized zirconia (YSZ) as the oxide-ion electrolyte, which forces an operating temperature 1000°C if conventional thick-film ceramic membranes are used. The interconnector between indNidual cells must be stable in both the oxidizing atmosphere at the cathode and the reducing atmosphere at
Electrochemical Society Student Member. * Electrochemical Society Active Membec the anode; and at 1000°C, it is necessary to use a conducting ceramic. However, even the ceramic of choice,1 Ca-doped LaCrO3, loses oxygen from the side exposed to the anodic atmosphere and gains oxygen on the side exposed to the cathodic atmosphere, which causes the interconnector membranes to warp. An operating temperature in the range 60 0°C < T < 800°C could allow the use of an oxidation-resistant stainless steel or another alloy as the interconnector material; it would also reduce operating costs, increase durability, extend service life, and permit more frequent cycling.
Tsvo approaches to a < 800°C are under active consideration: (i) reduction of the thickness of the YSZ electrolyte membrane to 1 10 sm and (ii) use of another solid electrolyte having an oxide-ion conductivity at or below 800°C that is comparable to that of YSZ at 1000°C. The most promising traditional material for the second approach is CeO2 doped with an alkaline-earth oxide MO, but reduction of Ce4 to Ce3 in the anodic gas introduces into the electrolyte an unwanted polaronic conduction.
However, La0 9Sr0 1Ga08Mg02O285, hereinafter referred to as LSGM, has recently been identified as a superior oxideion electrolyte;2-5 it has an oxide-ion conductivity r0 0.10 S/cm at 800°C, good chemical stability, negligible electronic conduction over a broad range of oxygen partial pressures, and a stable oxide-ion conductivity over time at 600°C in preliminary aging tests. In this paper we give a preliminary report on the performance of a single cell constructed with the LSGM electrolyte and standard electrode materials. The behaviors of the individual electrodes and the electrolyte were monitored with cyclic voltammagram in a three-electrode configuration. The tests show excellent electrolyte performance, but also problems with the electrode-electrolyte interfaces that need to be addressed. (99.99%), and MgO (99.99%) were mixed intimately with the aid of acetone for 1 h and fired overnight at 1250°C. After regrinding, the powder was milled with agate beads in a polyethylene jar to reduce the particle size to less than 1 p.m. Disks 2 in. in diam were cold-pressed and sintered at 1550°C for 6 h. Thick membranes (-500 p.m) were obtained by grinding down the sintered disks with a diamond wheel. It is recognized that 500 p.m is too thick for practical applications, but this configuration allows evaluation of the electrodes and the electrolyte/electrode interfaces.
Powder x-ray diffraction on pulverized sintered powders was made with a Philips diffractometer and Cu K0 radiation. Well-polished LSGM samples were thermally etched and their microstructure examined with a scanning electron microscope (SEM, JEOL/JSM-35C). The thermalexpansion coefficient (TEC) of an LSGM disk was measured with a Perkin-Elmer TMA7 thermal analyzer from room temperature to 850°C; the pellet densities were determined with a pycnometer (Micrometrics Accupyc 1330). Two-probe ac impedance spectroscopy with Pt electrodes was used to determine the electrical conductivity (grain + grain boundary) of the LSGM samples; the dc conductivity was measured with a standard four-probe method.
Fuel-cell construction-Two cathode materials were used for comparison: LaooSro4CoOo (LSC0), which has high electron and oxide-ion conductivities,67 and La0,,Sr0MnO3, which has a good electronic conductivity and little oxide-ion conductivity.
The anodes were formed by the reduction of LSGM/NiO or Ce09/NiO composites to give porous LSGM or CeO2 with metallic Ni particles on the walls of the porous channels.
The overpotentials at both the cathode and the anode were monitored with reference electrodes constructed from the same materials and in the same way as the working electrodes; the cell configuration is shown in Fig. 1 . The electrodes were fabricated on the two sides of the 500 p.m thick electrolyte membrane by screen printing a slurry of an intimate mixture of electrode powder and organic binder (from Heraeus). After baking at 1125°C for 2 h, Pt meshes with Pt leads were fixed, with excess electrode paste to achieve good contact, on top of each electrode to act as current collectors. The effective electrode area was 2.5 cm2. The cells were finally glass sealed into Zr03 tubes at 1100°C for 30 mm; Zr02 has a thermal expansion coefficient close to that of LSGM. The glass sealant used was developed by Ceramatec, Inc.
The test cells were placed in the hot zone of a vertical furnace. Air was supplied directly to the cathode surface;
water-moistened (at -3 0°C) hydrogen was fed to the anode surface at a rate of 100 mi/mm. All the tests and the heating/cooling of the furnace were controlled by computer; the tests were carried out in the temperature range 600°C Results and Discussion The powder x-ray diffraction patterns of LSGM could be indexed into a primitive-cubic ,,perovskite structure with a lattice parameter a = 3.911 A; a small amount of LaSrGaO4 was also detected as an impurity phase. The SEM observations revealed a preferential segregation of the granular-like second phase to the grain boundaries. (This observation shows that the LSGM electrolyte used did not have the optimal composition. We have found that removal of the second phase is possible and -that its removal improves the electrolyte performance.) Table I lists the ac and dc conductivities of the LSGM samples, their measured density, and the thermal-expansion coefficient (TEC).
The fuel-cell configuration allowed separate measurements of the anode and cathode overpotentials, IL and ii, the iR voltage dropped across the electrolyte to obtain the area resistance R of the electrolyte, and the voltage drop U between the reference and working electrodes from the cell terminal voltage U U=U0.-IL-i]-iR-MJ [1] where b, iR, and iU all increase with the cell current density i. The open-circuit voltage U, at 800°C was typically 1.08 V, which is near the theoretical value and indicates negligible electronic conduction across the electrolyte. Figure 2 shows the i-V and i-P curves obtained with an LSCo cathode and a Ce02/Ni anode as measured in 50°C intervals from 600 to 800°C. The maximum power density of the cell is about 270 mW, which is 62% of the theoretical value 437 W/cm2 (thickness: 500 p.m, electrolyte conductivity 0.075 S/cm, OCV: 1.08 V). Even though about one-third of the power loss was spent on the electrodes, most of it on the anode (see discussion below), these results are still able to illustrate an excellent cell performance for a 500 p.m thick LSGM membrane at a T0 750°C.
The voltage drop across the anode and cathode with respect to the corresponding reference electrodes gives IL and i. LSCo has been identified as a promising cathode material despite its larger thermal expansion coefficient compared with that of LSGM. Figures 3 and 4 show, for a given temperature, an almost linear dependence on and on i for an LSC0/LSGM/Ce02 + Ni test cell, which mdi- cates a weak electrode polarization. The exchange current densities i° listed in Table II were obtained for each electrode from the slope of the equation RT '0 = [2) nFt°w here 72 = 2 is the number of charges transferred per oxide ion at the electrode/electrolyte interface. The high value of i°, i.e., the low area electrode resistance, for the LSCo cathode is due to its good oxide-ion as well as electronic conduction, which allows utilization of the large surface area of the porous electrode for reduction of °2 to 2 2-, As in the LSCo cathode, mixed electronic and oxide-ion conduction in the Ce02-based anode increases the mass-transfer rate at the electrode surface and gives a low area electrode resistance below i 0.7 A/cm2. The higher anode overpotential observed suggests problems either with a structural mismatch at the interface or with a chemical interaction between LSGM and NiD (see discussion below).
La1_SrMnO3 (LSM) is at present the leading candidate material for the cathode of Zr02-based SOFCs operating at 1000°C. However, the oxide-ion conductivity of LSM is negligible under an oxidizing atmosphere, so a large threephase (gas, electrode, electrolyte) boundary length is needed for charge and mass transfer to occur. Therefore, a porous, thick LSM coating was fabricated on the electrolyte membrane by screen printing. Figure 5 shows the performance of an LSM/LSGM/LSGM + Ni test cell; it is to be compared with that of an LSCo/LSGM/LSGM + Ni test cell shown in Fig. 6 . A high '0. is found for the LSM cathode, and the shape of the i curve indicates that both oxygen diffusion and charge-transfer are limiting the performance of this cathode. The exchange-current density i° given in Table II was taken from the low-i portion of Fig. 5 . The poor cell performance with LSM as cathode clearly indicates that LSM is an inappropriate cathode material for an LSGM fuel cell. Table II shows that the exchange-current density i° at an LSCo cathode is nearly two orders of magnitude higher, the area electrode resistance correspondingly lower, than that at an LSM cathode. LSCo has not only a much higher oxideion conductivity than LSM, but also a high surface-oxygen exchange rate; and as noted by Steele,'° the catalytic activity of a Ce02/Ni anode is higher than that of a Zr02/Ni anode. On the other hand, comparison of indicates that the process of cathode fabrication needs to be carefufly controlled. Figure 7 shows an SEM picture of the anode-electrolyte (LSGM + Ni anode) interface in cross section after testing. The anode remains well bonded, so the degradation in performance seems to imply either a coarsening of the Ni particles, which seems unlikely to be more rapid on LSGM than on CeO9, or a reaction of the Ni with the LSGM to form LaNiO3. We have found formation of LaNiO3 at 1400°C. Although any LaNiO3 present after firing a mixture of LSGM and NiO at 1125°C, the electrode preparation temperature, was not detectable by x-ray diffraction, nevertheless we have found that the introduction of a suitable interfacial layer prevents the increase of iwith time and lowers the absolute value of The detailed results of this study will soon be published.
Conclusions
Single-cell SOFC tests with a 500 im thick LSGM electrolyte show promising performance compared to a YSZ electrolyte at operating temperatures 600°C < T < 800°C.
A steady and relatively high maximum power density was obtained with an LSCo cathode and a CeO2 + Ni anode, but neither electrode can be considered optimal. The tests were able to demonstrate the superiority of a cathode that is a conductor of both oxide ions and electrons as compared to LSM, which is only an electronic conductor below 800°C. In the absence of a buffer layer, an anode containing Ni obtained by reduction of NiO reacts with an LSGM electrolyte to form LaNiO3; this surface reaction degrades the catalytic conversion of 2 02 to 02 followed by the reaction with hydrogen. These electrodes performance tests show that the realization of a SOFC operating in the range of 600°C < T0, < 800°C is a realistic goal with the LSGM electrolyte.
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